Successful invasive species often exhibit high phenotypic lability. Even when intuition suggests that their genetic diversity has been reduced by strong founder effects, many successful invasive species still exhibit adaptive change in response to their new environment. To understand the probable long-term ecological impacts of a particular invader, we need to quantify long-term changes in the invader's phenotype, as these changes may well influence the level of impact the invader has on native species. Here we examine morphological change, as a consequence of time since colonisation and other spatial factors, in the cane toad (Bufo marinus). Cane toads are highly toxic and have killed many Australian native predators since they were introduced in 1935. The amount of toxin to which a predator is exposed will depend upon (1) the body size of the toad and (2) the relative toxicity of the toad (here measured by the relative size of the toad's parotoid glands). Using multiple regression and a model-selection approach, we show that both toad size and relative toxicity have decreased with time since colonisation. Thus toads (like many other successful invasives) exhibit phenotypic lability. Importantly, this result strongly suggests that toads will exert their maximal impact on native predators when they first arrive in an area; the level of impact will then decline over time.
INTRODUCTION
Invasive species are increasingly being used as model systems within which to study adaptation and plasticity (Lee, 2002) . Paradoxically, many invasive species appear to exhibit adaptive responses to new environments despite strong founder effects and an expected reduction in genetic diversity (Sakai et al., 2001; Allendorf & Lundquist, 2003; Kolbe et al., 2004; Lambrinos, 2004) . Given that successful invaders represent a biased sample of all potential invaders, it seems increasingly likely that the adaptive potential of invaders is strongly linked to their probability of success in a new environment (Thompson, 1998; Garcia-Ramos & Rodriguez, 2002; Parker, Rodriguez & Loik, 2003; Simons, 2003; Stockwell, Hendry & Kinnison, 2003) . Thus, understanding the evolutionary processes underlying successful invasions is of both broad theoretical and practical interest.
Invasive species also often have large impacts on native communities and, given their ubiquity, are regarded as a major threat to global biodiversity (Williamson, 1996; Mack et al., 2000 ; although see Gurevitch & Padilla, 2004) . Thus, examining change in invasive species may also give us insights into the long-term impact of a particular invader: by examining change in traits that mediate an invader's impact we can understand how the level of impact changes through time. Given that phenotypic lability may be very common in invasives, such an approach has a broad application.
Cane toads (Bufo marinus) are extremely successful invaders throughout the Caribbean and Pacific, having successfully invaded more than 20 countries to date (Lever, 2001) . Their colonisation history from their native range in South America is very well documented (Easteal, 1981) : by the time toads were brought to Australia in 1935, they had already undergone several founder events and genetic diversity, as measured at allozyme and microsatellite markers, was much reduced (Estoup et al., 2001) . They are a large, toxic anuran, and since their initial release they have spread to occupy more than one million square kilometres of the Australian continent (Lever, 2001) . Among other potential impacts, toads are known to impact native terrestrial predators, which are naïve to toad toxin and die attempting to ingest them (Covacevich & Archer, 1975; Burnett, 1997; Oakwood, 2003; Phillips, Brown & Shine, 2003; Smith & Phillips, in press ). The dose of toxin that a predator will be exposed to in an interaction (and hence the risk of death to the predator) depends upon two factors: the body size and the relative toxicity of the toad. Large toads contain greater quantities of toxin than small toads and even Fig. 1 . GIS layer describing the timing of the cane toad invasion in Queensland, Australia (from Phillips & Shine, 2005) . The extreme western edge of the distribution follows the extent of distribution records in Queensland and may not accurately reflect the actual invasion extent. Data from Floyd et al. (1981) and the specimen register of the Queensland Museum.
at the same body size, some individuals will be more toxic than others. While size can be measured directly, relative toxicity may be more complicated. Conveniently, most toxin in the skin of toads is stored in the large parotoid glands located above the shoulders (Meyer & Linde, 1971, B. L. Phillips, unpublished results) . Thus, we can use the size of the parotoids as an index of the amount of toxin carried by a toad. Here we examine changes in these two aspects of toad morphology, body size and relative parotoid size, as a consequence of time since colonisation.
METHODS

Collection of morphological data
We measured all of the 140 cane toads present in the collection of the Queensland Museum and for which locality data were available. This specimen series represented animals collected since 1935 (the year of toad arrival). Each individual was measured for snoutischium length (SIL), parotoid gland length (PL) and parotoid gland width (PW). Information on collection locality and date of collection were also taken from the museum database.
Collection of data on time since colonisation
We used linear interpolation of locality dates in ARCVIEW to derive a layer describing the arrival date of toads throughout Queensland; details of the process can be found in Phillips & Shine (2005; see Fig. 1 ).
Following the derivation of this surface, the Queensland Museum toad locality records were plotted and the year of toad arrival at each site was extracted. For each measured toad we subtracted the year of toad arrival (from the GIS layer) from collection year (from the Queensland Museum database) to yield time since colonisation (TSC) -that is, the number of years a population of toads had been present in an area at the time a toad was collected.
Collection of climatic data
Because our data have a spatial component, we attempted to account for as many spatially varying factors as possible to reduce the potential for a spurious correlation and to reduce error variances. In addition to Latitude (DecLat, from the Queensland Museum database), we derived several climatic layers for Australia using the program ANUCLIM (Hutchinson et al., 1999) and a digital elevation model of Australia with 0.05
• grid cells.
Toad locality data were laid over the resultant climate grids in ARCVIEW and we extracted the climatic data for each locality using the ARCVIEW extension BIOCLIMav (Moussalli, 2003) . We used several climatic variables that are likely to influence toad morphology: annual mean temperature (AMT), minimum temperature of the coldest period (MinTempCP), annual precipitation (APrecip), precipitation seasonality (PrecipSeas), moisture index seasonality (MoisIndSeas) and annual mean humidity at 3pm (AMHumid).
Data analysis
We examined the effect of TSC on toad morphology using a model selection approach. By testing the relative information content of all possible models, we determined whether TSC was an important factor (i.e. was it present in the best model/s) and also selected the most parsimonious model (i.e. the model that explained the most variance with the least number of factors) describing toad morphology. Because many of the climatic variables were correlated to varying degrees, and to reduce the number of factors, we calculated the first three principal components of climatic and latitude variables. Two analyses were run for each species: the first used toad snout-ischium length (SIL) as the dependent variable and the second used toad parotoid size. Parotoid size (PS) was calculated as the first principal component of the two parotoid size variables we measured (PL and PW). The multiple regression for toad parotoid size also included toad body size (SIL) as a fixed independent variable as we were only interested in changes in relative parotoid size. We log-transformed all variables prior to the calculation of principal components and the TSC variable was mean-centred (y = y −ȳ) prior to analysis. Mean-centring (such that the new mean is zero) ensures that estimated coefficients are informative even in the presence of interactions; this method also reduces colinearity between variables and their interaction terms (Jaccard & Turrisi, 2003) . Mean centring was not necessary for principal components because their mean was already zero.
With four independent, non-fixed variables we had 15 combinations of primary variables that could produce a model (ignoring interaction terms). To make model exploration and interpretation tractable we only examined first order interactions between factors. Each of the 15 combinations was run as a full model and we deleted interaction terms if P-values indicated they were not significant (i.e. P > 0.05). For each combination of primary variables we thus derived the most parsimonious reduced model and we calculated the Akaike information criterion (AIC) value for this model. We collected the best set of models for each species and each independent variable based upon these AIC values, with models <10 units from the best model (i.e. i < 10) retained within the best set. Models with i < 2 are considered to have substantial support, whereas models with 2 < i < 10 are considered to have some support and models with i > 10 are considered to have no support (Burnham & Anderson, 2001 , 2002 . All statistical analyses were performed in JMP (v5).
Some of the models thus selected contained interaction terms. Our primary interest was whether time had an important influence on toad morphology and, if so, the direction of the effect. The presence of interaction terms complicates the interpretation of main effects because the partial coefficient for the main effect of interest depends on the values of other variables. Mean-centring causes the main effect coefficient to be calculated for the mean value of interacting variables. However, in all models with interaction terms affecting the coefficient of TSC, we also calculated a range of coefficients using values for the interacting variables that were two standard deviations above and below their mean.
Conceivably, time since 1935 may also affect toad morphology (if the entire toad population was changing in concert). Although we would expect most adaptive change to occur some distance behind the invasion front (Garcia-Ramos & Rodriguez, 2002) and thus that TSC would be the more pertinent variable, we investigated the possibility that time since 1935 affected toad morphology. Time since 1935 was correlated with TSC (r = 0.64) and so both variables could not be included as independent variables without compromising the integrity of the model fit. When we used time since 1935 as a surrogate for TSC, however, we consistently achieved lower AIC values, suggesting that TSC is the more important variable describing temporal changes in toad morphology. Hence, we report here only the analysis using TSC.
Rates of phenotypic change
To facilitate comparisons with other studies, rates of phenotypic change can be expressed in standardised units (darwins, or haldanes: Hendry & Kinnison, 1999) . Based on our best model within each candidate set, we calculated rates of change in both darwins and haldanes for both toad body size and parotoid size. To calculate darwins we used the best model but transformed TSC into years ×10 −6 . With this input, the partial coefficient of TSC is equivalent to the rate of change in darwins. Haldanes were calculated from the residuals for the best models, with TSC omitted. Each residual value was divided by the pooled standard deviation of all residuals, before being plotted against TSC (expressed in years and assuming toads have a generation time of 1 year). The slope of the resultant regression line yields the rate of change in haldanes.
RESULTS
Calculation of multivariate model components
The first three principal components of climatic and latitude variables accounted for almost 95% of the variation in these seven factors (Table 1) . Eigenvectors indicate that PCClimLat1 is principally a latitude/temperature axis and captures most of the latitudinal variation in the environmental factors. PCClimLat2 appears to be principally a precipitation axis, capturing the resultant variation in humidity and moisture index seasonality. PCClimLat3 is more difficult to interpret but may be capturing altitudinal variation in the environmental variables. For toad parotoid size (PS), the first principal component of PW and PL captured more than 99% of the variation in both these variables (reflecting their strong correlation) with equal loadings on both.
Toad snout-ischium length
The best model describing toad SIL included all but one of the independent variables and accounted for more than 20% of the variation in toad SIL (Table 2) . Time since colonisation (TSC) has a negative effect on toad SIL in all the best models (Table 2, Fig. 2 ), however its effect is modified by an interaction with PCClimLat2 - 
Toad parotoid size
The best model describing variation in relative parotoid size was also complex and involved all of the independent variables (Table 3) . In all the best models, TSC had a negative effect on relative parotoid size, unmodified by interactions (Table 3 , Fig. 2 ).
Rates of phenotypic change
Snout-ischium length changed at a rate equivalent to d p(1:1.78,6.0) = − 12085, h p(1.78) = − 0.0211 and parotoid size changed at a rate equivalent to d p(1:1.78,6.0) = 3643, h p(1.78) = − 0.0161.
DISCUSSION
Our results show a significant effect of climate, latitude and time since colonisation (TSC) on toad morphology. Interestingly, both snout-ischium length (SIL) and relative parotoid size models indicate that TSC has a significant effect on toad morphology, independent of other spatially varying factors (Fig. 2 ). TSC appears to be associated with a reduction in both overall size of toads and in the relative size of their parotoid glands. That toad morphology should be so strongly influenced by recent colonisation history is an important result and a reminder of the importance of recent history in invasion events. For toad body size our model contained an interaction that modified the magnitude (and eventual direction) of the effect of TSC. In extremely high rainfall areas (around 2 standard deviations above average), the negative effect of TSC on toad size is reduced or reversed. Why do large, big-glanded individuals become less common through time? There are two possible reasons why this may be so and they are not mutually exclusive. Table 3 . Parameter estimates for the best models ( i < 10) describing toad parotoid size as a function of toad body size (S-I length), climate and latitude (PCClimLat1, 2 and 3) and time since colonisation (TSC) First, toads may change their environment through time (e.g. by depleting food resources, or exhibiting changes in the density of conspecifics) such that attaining large size and maintaining costly structures (which poison glands presumably are) becomes increasingly difficult. Thus, it is possible that toads are simply exhibiting a developmental (i.e. plastic) response to environmental change associated with TSC. The second possible explanation for changes in toad morphology with TSC is that toads may exhibit adaptive change to a new environment (e.g. reduced predation pressure, following the extirpation of predator populations) where large body sizes and poison glands confer little or no selective advantage. There are certainly many instances documenting apparent adaptation by invaders to a novel environment (e.g. Losos, Warheit & Schoener, 1997; Simberloff et al., 2000; Grosholz & Ruiz, 2003) and much of the adaptive response is predicted to occur some distance behind the invasion front (GarciaRamos & Rodriguez, 2002) . While our data are unable to unequivocally support either scenario, they do show that Australian toads are morphologically labile. This lability may be an important factor in their success as an invader. In fact it may be that most successful invaders are successful partly because they exhibit phenotypic lability in response to new environments (Lee, 2002; Parker et al., 2003) . Rates of phenotypic change in toads are similar to rates reported in many previous studies of evolutionary change in non-invasive species (Hendry & Kinnison, 1999) .
Irrespective of the exact mechanism causing morphological change in toads, either scenario (plasticity or selection) assumes a cost associated with producing a large body or a large parotoid gland. Areas of high precipitation are undoubtedly favourable environments for cane toads (given that their native range encompasses the Amazon Basin) and it seems logical that physiological costs associated with developing a large body or large glands will be minimised in favourable environments. This reasoning potentially explains the presence of an interaction between TSC and precipitation in our SIL model. Interestingly, our data also suggest that toad body size and relative parotoid size exhibit latitudinal clines (PCClimLat1 is primarily a latitude/temperature axis). Our models for body size indicate an increase in toad body size with increasing latitude/decreasing temperature, in line with Bergmann's rule for endotherms and against the general pattern in body size clines for ectotherms (although only insects, squamate reptiles and turtles have been examined in any detail: Mousseau, 1997; Ashton & Feldman, 2003) . In addition, there is no support for an interaction between TSC and latitude/temperature. If the cline in toad body sizes was an evolved effect, as has been demonstrated for latitudinal clines in Drosophila body size (Huey et al., 2000; Gilchrist et al., 2004) , we would expect an interaction between TSC and PCClimLat1. The absence of this interaction suggests that the cline in toad body sizes shown here is a consequence of developmental plasticity rather than evolution, as the cline is present irrespective of the length of time since colonisation.
Because the quantity of toxin carried by a toad depends upon the toad's body size and relative parotoid size, reductions in these traits mean a reduced quantity of toxin available to predators. This translates directly into a reduced impact on predators if we assume that (a) attack rates per predator do not increase with TSC (this is probable given that predators appear to either learn or evolve avoidance of toads as prey : Phillips, 2004) and (b) that the toxicity of glandular secretions does not increase relative to total gland volume with TSC. Thus, the change in morphology associated with TSC suggests that, except in the wettest areas of the toad's current distribution, the level of impact imposed by toads on predators will decrease with TSC. Concurrent with this decrease, native predators appear to be exhibiting adaptive change in response to the presence of toads (Phillips, 2004; Phillips & Shine, 2005) . Whether the level of impact from toads remains lowered will depend upon the exact mechanism driving morphological change in toads. Nevertheless, our results show the importance of considering the possibility of rapid phenotypic change in an invader when assessing the long-term impact of that invader on a native community. It is increasingly becoming apparent that successful invaders are successful partly because they exhibit phenotypic lability in response to a new environment. Thus, examining rapid phenotypic change in traits influencing an invader's impact on natives can help to predict the long-term impact of that invader.
